While many insects cannot survive the formation of ice within their bodies, a few species can. On the evolutionary continuum from freeze-intolerant (i.e., freeze-avoidant) to freeze-tolerant insects, intermediates likely exist that can withstand some ice formation, but not enough to be considered fully freeze tolerant. Theory suggests that freeze tolerance should be favored over freeze avoidance among individuals that have low relative fitness before exposure to cold. For phytophagous insects, numerous studies have shown that host (or nutrition) can affect fitness and cold-tolerance strategy, respectively, but no research has investigated whether changes in fitness caused by different hosts of polyphagous species could lead to systematic changes in coldtolerance strategy. We tested this relationship with the invasive, polyphagous moth, Epiphyas postvittana (Walker). Host affected components of fitness, such as larval survivorship rates, pupal mass, and immature developmental times. Host species also caused a dramatic change in survival of late-instar larvae after the onset of freezingfrom less than 8% to nearly 80%. The degree of survival after the onset of freezing was inversely correlated with components of fitness in the absence of cold exposure. Our research is the first empirical evidence of an evolutionary mechanism that may drive changes in cold-tolerance strategies. Additionally, characterizing the effects of host plants on insect cold tolerance will enhance forecasts of invasive species dynamics, especially under climate change.
between temperature, time, freezing, and death (Bale, 1993) . Some may survive exposure to the temperature of crystallization (i.e., the supercooling point, the temperature at which an insect's body fluids begin to freeze), but not survive when equilibrium ice formation is achieved or for prolonged periods (i.e., >24 hr) in a semifrozen state (Block, Erzinclioglu, & Worland, 1988; Hawes & Wharton, 2010; Sinclair, 1999) . Sinclair (1999) classifies these insects as "partially freeze tolerant," but acknowledges that it is uncertain whether survival of partial freezing "represents the norm among freeze-avoiding insects that die at the supercooling point" or is a unique freeze tolerance strategy. Although the immediate ecological relevance of partial freeze tolerance is uncertain, it may be more germane to evolutionary questions of insect cold tolerance; identifying and characterizing such evolutionary intermediates may provide valuable insights into how species adapt and evolve to withstand low temperatures (Sinclair, 1999; Voituron, Mouquet, de Mazancourt, & Clobert, 2002) .
Freeze tolerance has evolved independently multiple times among insects, and many factors may drive the change, such as climatic predictability (Sinclair et al., 2003) , behavioral and physiological mechanisms that affect ice nucleation Lee & Costanzo, 1998; Strachan, Tarnowski-Garner, Marshall, & Sinclair, 2011; Zachariassen, 1985) , energy conservation from altered metabolic rates (Irwin & Lee, 2002) , and cross-tolerance with other environmental stressors (e.g., Holmstrup, Bayley, Pedersen, & Zachariassen, 2010; Sinclair, Ferguson, Salehipour-Shirazi, & Macmillan, 2013) . Of note, Voituron et al. (2002) developed a formalized model to explain conditions under which a particular cold-tolerance strategy should be optimal, based on an energetic definition of fitness. Freeze avoidance is energetically costly, so the authors concluded that freeze-tolerant individuals would be favored when the fitness level before exposure to cold is low, whereas freeze-avoidant individuals would be favored when fitness is initially high. No empirical evidence currently exists to support this hypothesis, although Convey (2010) points to life history trade-offs as a consequence of the greater energetic costs associated with the production of cryoprotectants in freeze-avoidant arthropods. Evaluating cold stress in species with intermediate cold-tolerance phenotypes, such as those showing partial tolerance to freezing, may be particularly insightful to show adaptations to freezing stress (Voituron et al., 2002) .
For phytophagous insects, especially those that are polyphagous, host plant (hereafter, "host") may significantly affect fitness (Awmack & Leather, 2002; Danthanarayana, 1975a; Röder, Rahier, & Naisbit, 2008) and cold tolerance. Host has changed supercooling points and cryoprotectant levels in a number of insect species (Gash & Bale, 1985; Liu et al., 2009; Verdú, Casas, Lobo, & Numa, 2010 ; but see also Kleynhans, Conlong, & Terblanche, 2014; Rochefort, Berthiaume, Hébert, Charest, & Bauce, 2011). Trudeau, Mauffette, Rochefort, Han, and Bauce (2010) noted that seemingly poor-quality hosts yielded the highest overwintering success in Malacosoma disstria (Hübner). In contrast, Liu et al. (2009) found poor developmental hosts produced low overwintering survival in diapausing Helicoverpa armigera (Hübner). However, none of these studies were designed to address host influences on cold-tolerance strategy.
We previously documented variation in the ability of the light brown apple moth, Epiphyas postvittana (Walker), to survive the onset of freezing (Morey, Venette, & Hutchison, 2013) . Epiphyas postvittana is a recent invader to the continental United States (Brown, Epstein, Gilligan, Passoa, & Powell, 2010) with the capacity to feed on over 360 plant genera (Suckling & Brockerhoff, 2010) . For this species, host is known to affect immature survival, developmental time, and pupal weight (Danthanarayana, 1975b; Tomkins, Penman, & Chapman, 1989) , which are common proxies of ecological fitness (Via, 1990) .
This species predominantly overwinters as late-instar larvae, which do not enter diapause and are generally considered freeze avoidant (Buergi, Roltsch, & Mills, 2011; Bürgi & Mills, 2010) . However, we observed that a small proportion (~20%) of late instars from a laboratory population could survive the initial formation of ice within their bodies from exposure to their supercooling points. Moreover, many of the survivors continued development and eclosed as reproductively successful adults (Morey et al., 2013) . Given the extensive polyphagy of the species and the putative ability of some individuals to withstand brief exposure to internal freezing, we sought to examine the extent to which host systematically affected the cold-tolerance strategy of E. postvittana.
Our study revealed that hosts can dramatically affect the cold response of this species. Across five hosts, we found a nearly 10-fold range in the survival of E. postvittana larvae after exposure to their supercooling points. These hosts also affected survivorship rates and developmental times in the absence of cold. Most importantly, we found that as components of fitness decreased, the extent of survival to partial freezing increased, thus supporting the hypothesis of Voituron et al. (2002) that low initial fitness may favor a shift toward freeze tolerance. Within 24 hr of hatching, E. postvittana neonates were placed individually onto a randomly selected host using surface-sterilized (with 70% ethanol in water) camel hair paintbrushes. Groups of three larvae were placed on a single excised leaf (or sprig, in the case of Pinus), which was contained in a Petri dish sealed with parafilm to prevent larval escape. Leaf petioles were inserted into 1 cm 3 of wet floral foam, which was rewetted with deionized water every 2-3 days. Leaves were replaced on average every 3 days when discoloration was observed, or larvae consumed ~1/2 of the tissue area. Larvae were similarly applied to ~2 cm 3 of artificial diet in sealed plastic cups (29.5-ml P100 soufflés; Solo Cup Co., Lake Forest, IL). 20-26 dishes (or cups)
| MATERIALS AND METHODS

| Insect colony and plant materials
were set up for each host treatment per block, except for block three of Pi. banksiana which required a total of 45 dishes due to poor initial viability of neonates (Table S1 ). Larvae remained on their respective host treatments until the time of cold exposure.
| Cold exposure
Instar was confirmed through head capsule measurement (Danthanarayana, 1975a) , and late instars (4th-6th) from each host were randomly assigned to one of two temperature treatments, cooled to the point of producing an exotherm (i.e., the supercooling point) or not cooled (i.e., temperature control). Epiphyas postvittana is known to have variable instar numbers (Danthanarayana, 1975a; Dumbleton, 1932) . Therefore, we focused on "late instars," any of which could be the terminal instar before pupation and could overwinter. The number of larvae in each temperature treatment depended on the mortality of early instars from a given host. A total of 8-32 larvae were tested per temperature treatment (n = 2) per host (n = 5) per block (n = 1-3). For the cold-exposed groups, specifically, the total number of late instars tested in each host, across all blocks, was as follows: artificial diet, n = 64; M. domestica, n = 26;
Pi. banksiana, n = 48, Po. deltoides, n = 38; V. vinifera, n = 64.
All larvae were transferred to individual gelatin capsules (size 4;
14.3 mm length, 5.1 mm diameter). For the supercooling treatment, individuals were cooled at ~1°C/min to their supercooling point within calibrated polystyrene cubes inside a −80°C freezer, as per Carrillo, Kaliyan, Cannon, Morey, and Wilcke (2004) . Insect body temperatures were recorded once per second using a coiled, copper-constantan thermocouple design (Hanson & Venette, 2013) , connected to a computer through a multichannel data logger (USB-TC; Measurement
Computing, Norton, MA). Each larva was immediately removed from the freezer and cube once they reached the peak of the exotherm, which could be observed in real time as a plateau (typically lasting 15-25 s) following an abrupt spike in temperature. Larvae were then given fresh material of the host on which they were reared and returned to 23 ± 2°C (60%-65% RH, 14:10 [L:D]) in a growth chamber to continue development. Temperature control individuals were left inside gel capsules at room temperature (~25°C) for approximately 1 hr while cold-treated individuals were being chilled. Temperature controls were removed from the capsules and given fresh diet concomitantly with the supercooled larvae. Survival was monitored daily for 5 weeks or until the individual eclosed as an adult (nothing emerged after 4 weeks).
| Host suitability
To assess the developmental suitability of each host for E. postvittana without temperature stress, multiple developmental parameters, each a component of fitness, were measured for individuals that had not been exposed to cold: three stage-specific survival proportions, pupal mass, and total developmental time. Proportion survival was assessed from neonate to late instar, from late instar to pupation, and from pupation to adult eclosion. Because temperature treatments were not assigned until larvae reached late instars, the proportion of survival to late instar included all individuals initially reared on a given host (i.e., irrespective of future cold treatment). Once individuals were divided among temperature treatments as late instars, only control larvae were used to assess the effect of host on survival during the two subsequent developmental periods, pupal mass, and total developmental time. Pupae were weighed 3-5 days after pupation. Total developmental time (egg hatch to adult eclosion) was only calculated for those that survived to adult eclosion.
| Analysis
Analyses were conducted in SAS ® 9.4 (SAS Institute Inc., Cary, NC, USA). The experiment followed an incomplete block design, with three total blocks occurring in February 2012, March 2012, and August 2013. Due to changes in availability of plant material, the same host species were not included during every block (see Table S2 ). Sex was not considered in any analysis because the sexes of larvae could not be differentiated; equal sex ratios could not be assumed at the outset of the experiment.
The effects of host on all continuous response variables (i.e., supercooling point, pupal mass, total developmental time) were analyzed using mixed-effects models (Proc GLIMMIX), with host treated as a fixed effect and block treated as a random intercept. For all variables, Levene's tests revealed unequal variances among some treatment groups, so treatment variances were grouped (GROUP = host)
to account for heteroscedasticity (Littell, Milliken, Stroup, Wolfinger, & Schabenberger, 2006) . Variances were estimated using restricted maximum likelihood (REML) due to the unbalanced design, and degrees of freedom were approximated by the Kenward-Roger method (Spilke, Piepho, & Hu, 2005) . Treatment means were estimated with least-squares means (Spilke et al., 2005) and differences were separated using Tukey-Kramer adjustments for multiple comparisons to maintain an overall α = .05.
Survival measures were also analyzed using a mixed-effects model, but with a binomial distribution and logit link function (Proc GLIMMIX; events/trials syntax) to compare survival across hosts.
Host was treated as a fixed effect, and block treated as a random effect. Degrees of freedom were estimated using the Kenward-Roger method, and Tukey-Kramer groupings were used to compare differences in the least-squares means (Littell et al., 2006) . Before comparing host effects on survival after partial freezing, an Abbott's correction (Rosenheim & Hoy, 1989 ) was applied to the response to account for control mortality in each host treatment.
The potential relationship between the temperature at which freezing occurred and the likelihood of surviving freezing was assessed using a mixed-effects model as before. Here, host, state (dead or alive), and their interaction were used as explanatory variables of supercooling points. Block was treated as a random effect, and TukeyKramer groupings were used to compare the supercooling points of individuals that died to those that survived.
Multiple regression with backwards elimination was used to evaluate the relationship(s) between the cold stress response and host suitability measures. Cold stress response was the proportion of individuals that survived partial freezing (corrected for control mortality). Host suitability was reflected in the five fitness components (i.e., survival from hatch to late instar, survival from late instar to pupation, survival from pupation to adult eclosion, pupal mass, and total developmental time). Because we were interested in the broad impact of host suitability on survival after partial freezing, we did not distinguish host species in this analysis. Instead, we treated the response from each host/block combination as a distinct host measure. Before model construction, we tested for correlations among candidate predictors to ensure assumptions of regression were met. Mean pupal mass and mean total developmental duration were found to be negatively correlated (P = .016, F 1,9 = 8.68). All other parameters were not significantly correlated with one another. So, two sets of candidate predictors were evaluated: The first initially included the three, stage-specific survival proportions and total developmental time, and the second initially included the stage-specific survival proportions and pupal mass. Regressions were run as mixed-effect models (Proc GLIMMIX; events/trials syntax), with the developmental parameters treated as fixed effects, and block treated as a random effect.
Degrees of freedom were estimated by the Kenward-Roger method.
Backwards elimination was stopped once each model could not be further improved (i.e., all predictors were significant at P < .05).
| RESULTS
| Supercooling and survival after partial freezing
Host affected the supercooling points of late instars (P = .0003, Survival to adult eclosion after partial freezing (i.e., exposure to the peak of the exotherm) was also affected by host (P < .015, F 3,6 = 8.27).
No late instars survived to adult eclosion after partial freezing when reared on Po. deltoides, so this host was not included in the subsequent Across hosts, individuals that died after partial freezing had lower supercooling points than those that lived (P < .0001, F 1,178.8 = 20.78) ( Figure 3 ). As shown in the previous analysis, supercooling points were affected by host alone (P < .0001, F 3, 172.3 = 18.18); the analysis output here differs slightly because Po. deltoides was not included in this model due to lack of survivors. Supercooling points were not affected by the interaction between host and state (dead or alive) (P = .96, F 3,179.2 = 0.09).
| Host suitability: stage-specific survival, total immature developmental time, and pupal mass without freezing stress
Host affected the proportion of larvae that survived to be late instars (P < .0001, F 4,6 = 60.55). Nearly all larvae survived to late instars when (Table 1 ). In contrast, host did not affect the survival of late instars to pupae (P = .08, F 4,6 = 3.60), nor of pupae to adult eclosion (P = .65, F 4,4.7 = 0.65) ( Table 1) .
Host affected pupal mass (P = .0009, F 4,16.1 = 8.07). Artificial diet produced, on average, the pupae with the greatest mass (37.8 ± 1.0 mg) whereas V. vinifera produced pupae with the least mass (24.4 ± 2.2 mg). The pupal masses of insects reared on Pinus banksiana, Po. deltoides, and M. domestica were not significantly different from one another or the other two hosts (Table 1) .
Host also affected the time from egg hatch to adult eclosion of E. postvittana (P < .0001, F 4,218 = 49.68). Insects fed V. vinifera and Pi. banksiana took an average of nearly 50 days (49.9 ± 0.2 and 49.6 ± 2.5, respectively) to develop, whereas those fed artificial diet and Po. deltoides developed within an average of <37 days (36.5 ± 0.8 and 34.6 ± 1.5, respectively). Malus domestica-fed larvae developed for an intermediate duration of 39.1 (±4.1) days, which was not statistically different from either extreme group (Table 1) .
| Relationship between host suitability and cold stress response
Both regression models showed that the proportion of larvae that survived the onset of freezing was greater on less suitable hosts. Each model reduced to a single predictor from four candidate predictors and followed the form: 
| DISCUSSION
We documented a nearly 10-fold change in the survival of E. postvittana larvae following brief exposure to freezing due to the host on which larvae develop (Figure 2 ). These large, host-mediated effects followed predictions that link the fitness expressed in temperature conditions without cold stress to the likelihood of exhibiting one cold-tolerance strategy over another (Voituron et al., 2002) ( Figure 4) . The ability to survive the onset of freezing greatly increased among hosts that might otherwise be considered poor quality, specifically those hosts that induced the longest developmental time and allowed fewer larvae to reach late instars. The potentially counterintuitive relationship we observed between components of fitness and cold tolerance could be driven by the metabolic costs associated with different cold-tolerance strategies (Voituron et al., 2002) . The production of cryoprotectants to stave off freezing may be energetically costly (e.g., Convey, 2010) , so if fitness is already low, theory suggests the ability to tolerate ice formation should be favored over freeze avoidance. Although we do not yet know the exact mechanism through which host is operating in our study, this pattern between fitness and cold response is what we observed in our data.
Epiphyas postvittana reared on different hosts following partial freezing. Survival was defined as successful adult eclosion. Bars with the same letter are not significantly different at α = .05. Numbers in parentheses indicate the total sample size across all blocks. *No larvae survived partial freezing when fed Populus deltoides F I G U R E 3 Relationship between survival and mortality after partial freezing and mean supercooling points in Epiphyas postvittana late instars reared on different hosts. Survival was defined by successful adult eclosion. Bars with the same letter are not significantly different at α = .05. Numbers in parentheses indicate the total sample size across all blocks. Symbols represent the mean supercooling point across all blocks for a given host Our experimental results also highlight the significant plasticity that a species may exhibit in its cold-tolerance strategy. Differences in cold-tolerance strategy among species, among life stages of the same species, and among seasons for the same life stage are well documented. The Voituron et al. (2002) model suggests the possibility that, for a species at any moment, more than one cold-tolerance strategy may be operating. Hawes and Bale (2007) review evidence for such mixed strategies and comment on this bet-hedging strategy as a complement to plasticity in insect cold hardiness. In our case, although none of the late-instar larvae of E. postvittana could be considered freeze tolerant, substantial variation existed in the proportion of individuals that died after the onset of freezing (little acute, prefreeze mortality occurs in late instars for this species; R.C. Venette, unpublished) . This result suggests that the species may display a combination of freeze avoidance and some other response, perhaps "partial freeze tolerance." Variation in cold-tolerance response within a population is a precondition for the evolution of cold-tolerance strategies.
Supercooling points also changed with host ( Figure 1 ) in a direction that would be expected if a shift toward freeze tolerance were to occur; generally, freeze-tolerant species supercool at warmer temperatures than freeze-avoidant species (Lee, 2010; Sømme, 1982) .
For example, the larvae that showed the lowest survival after partial freezing, that is, those reared on artificial diet or Po. deltoides (which showed no survival), had the lowest mean supercooling points.
Moreover, larvae fed Pi. banksiana had higher supercooling points and a significant relative increase in survival after partial freezing. This relationship is further supported by looking across hosts; larvae that sur- response, in addition to indirect effects mediated through energy metabolism. Many of the biochemical mechanisms that protect individual insects from the damaging effects of cold depend upon the synthesis and accumulation of low molecular weight polyols (Storey & Storey, 1991) , sugars (Bale, 2002) , fatty acids (Koštál, 2010) , or proteins (Duman, Xu, Neven, Thursman, & Wu, 1991 (Shreve, Yi, & Lee, 2007) , sugar (Colinet, Larvor, Bical, & Renault, 2012) , and nitrogen (Lavy & Verhoef, 1997) , or on host effects of indirect measures of cold tolerance, such as diapause (Hunter & McNeil, 1997) and through tritrophic interactions (Li, Zhang, Zhang, Chen, & Denlinger, 2014) .
Even fewer studies directly assess cold tolerance under different host plant environments. Our finding that less developmentally suitable hosts may favor increased resistance (or recovery) from ice formation provides a useful foundation to justify further exploration: for example, characterizing the physiological mechanisms of host effects, such as the nature of ice nucleation, the extent of ice formation, water content, and cryoprotectant systems across hosts that may affect cold-tolerance response. Additionally, conducting assays under acclimatizing conditions (e.g., slower cooling rates, changes in photoperiod and developmental temperature regime) and with populations more recently out-crossed with wild individuals would give insight as to the ecological implications of our results. Lastly, larval feeding cessation prior to overwintering could affect the supercooling point by altering potential ice nucleation sites in the gut (Sømme, 1982) . While we did not determine feeding status of larvae at the time of cold exposure, large sample sizes and randomized specimen selection compensated for such potential effects. Moreover, E. postvittana larvae may continue to feed and develop during the winter months (Buergi et al., 2011; Geier & Briese, 1980) so variation in the presence of gut nucleators is likely to be present in field individuals.
Our study offers exciting implications for both theoretical and practical areas of ecology. By demonstrating that an increase in partial freeze tolerance is favored when initial components of fitness are low, we give preliminary experimental support to the larger hypothesis that more extensive freeze tolerance may also be favored in such conditions. We also provide further evidence of putative partial freeze tolerance in an insect, characterizing its tolerance through extended survival measures and across multiple host settings. If our laboratory findings reflect traits of E. postvittana overwintering populations, our work has relevance to refined forecasts of population distributions and dynamics in cold environments. As ectotherms, insects have life histories that are intimately linked to their surrounding temperature environments. Thus, temperature tolerances, especially to cold, constitute a primary variable in risk assessments and models of insect distributions. However, these tools currently treat invading species as "homogenous and immutable entities" (Lee, 2002) , being particularly void of adaptive parameters and plant-insect interactions. Climate change is exerting a powerful influence on the distributions of insects (Deutsch et al., 2008; Huey et al., 2012) and plants (Chown et al., 2012; Kelly & Goulden, 2008) 
